Mitochondria from castor bean (Riciisu communis cv Hale) endosperm, purife on sucrose gradients, were used to investigate transport of dicarboxylic acids. The isolated mitochondria oxized malate and succinate with respiratory control ratios greater than 2 and ADP/O ratios of 2.6 and glyoxysomes is thought to be further metabolized in the mitochondria, providing more proximate precursors for gluconeogenesis in the cytosol. For dicarboxylates to be metabolized within the mitochondria, they must be able to cross the inner mitochondrial membrane. The present research was undertaken to investigate dicarboxylate transport in mitochondria isolated from castor bean endosperm.
The metabolic pathway for the conversion offat to carbohydrate in castor bean endosperm (3, 16) invokes the mitochondria in a number of necessary oxidations (1, 15) . Succinate generated in the 'Supported by National Science Foundation Grant PCM 78-19575. 2Present address: Biologisches Institut II, Universitat Freiburg, Frei- burg, West Germany.
glyoxysomes is thought to be further metabolized in the mitochondria, providing more proximate precursors for gluconeogenesis in the cytosol. For dicarboxylates to be metabolized within the mitochondria, they must be able to cross the inner mitochondrial membrane. The present research was undertaken to investigate dicarboxylate transport in mitochondria isolated from castor bean endosperm.
Mechanisms for the movement of dicarboxylic acids in mitochondria isolated from a wide range of tissues have been demonstrated (see LaNoue and Schoolwerth [121 and Wiskich [27] for reviews). In mammalian mitochondria, dicarboxylate transport is mediated by a phosphate-dicarboxylate exchange and possibly by a dicarboxylate-dicarboxylate exchange (4, 18, 23) . Work with isolated plant mitochondria generally supports this model (Fig. 9 ). Many workers using indirect techniques such as swelling and oxidation capacities have established in a variety of mitochondria a requirement of phosphate for uptake of dicarboxylates (5, 21, 25, 26) . DeSantis et al. (6) demonstrated the exchangeability of dicarboxylates for phosphate and the exchangeability of malonate for malonate in bean mitochondria. Recently, using a filtration technique, Jung and Laties (10) measured directly the uptake of succinate and citrate by potato mitochondria and showed it to be consistent with the model. In the present work, we have used a centrifugation method to investigate features of dicarboxylate transport in mitochondria purified from castor bean endosperm. In particular, we measured the accumulation and the steady state level of 14C within the mitochondria when [14C]malate or [14C] succinate were being supplied in the absence of inhibitors of reactions of the tricarboxylic acid cycle.
MATERIALS AND METHODS
Preparation of Mitochondria. Castor beans (Ricinus communis cv Hale) were soaked in running tap water for 24 h, planted in moist vermiculite, and germinated at 30°C in the dark in a humidified incubator. Four d after planting, the endosperm tissue was collected and chopped with razor blades in 0.5 to 1 volume 150 mM Tricine, 0.1% (w/v) BSA, 1 mm EDTA, 13% (w/w) sucrose, pH 7.5, for approximately 15 min. The homogenate was filtered through two layers of nylon sheer and centrifuged for 7.5 min at 163g (HB-4 rotor). The decanted supernatant (15 ml) was layered onto linear sucrose gradients (36 ml), 20 to 50%o (w/w), topped with a 15% (w/w) sucrose spacer (5 ml). All gradient solutions contained 1 mm EDTA and 0.1% BSA, pH 7.5. The gradients were centrifuged at 70,000gw for 1 to 2 h (Beckman ultracentrifuge 65-B, SW 25.2 rotor). The mitochondrial band (at approximately 1.18 g/cc) was collected with a Pasteur pipette. The mitochondria were slowly diluted with continuous stirring at 4°C to 12% (w/w) sucrose with 10 mm K-phosphate, 0.1% (w/v) BSA, pH 7.5, and reconcentrated by centrifugation at 10,000g for 10 to 20 min. The pelleted mitochondria were resuspended in 10 mm K-phosphate, 5 mM MgCl2, 0.1% (w/v) BSA, 12% (w/w) sucrose, pH 7.5, to give a final concentration of 3 to 6 mg protein/ml. 02 Consumption. 02 consumption was measured using the electrode system manufactured by Hansetech Ltd. (Kings Lynn, England) at 25°C. The reaction buffer was the same as the resuspension buffer. In a 1-ml reaction volume, 100 to 400 ug mitochondrial protein were added and the reaction was initiated by the addition of 5 mm substrate. All other additions except ADP were made prior to addition of mitochondria. Calculations were made according to Lehninger (13) .
Accumulation experiments were performed essentially as described by Klingenberg and Pfaff (11) (24) of the supernatant fraction remaining after centrifugation of the mitochondria through the silicone layer. The supernatant fraction was assayed after deproteination with 5% HC104 and neutralization with KOH. Malate was determined using malic enzyme and measuring the fluorescence due to production of NADPH. The reaction mixture consisted of 1 unit malic enzyme (Sigma), 100 mm K-phosphate, 2 mm MgC12, 2 mm DTT, pH 6.8 in 1 ml, and the reaction was initiated by addition of 0.1 I M NADP. Oxalacetate was determined using malate dehydrogenase and following the loss of fluorescence due to NADH oxidation. The reaction mixture consisted of 10 units of malate dehydrogenase (Sigma), 100 mm Kphosphate, 0.5 to 5.0 nmol NADH, pH 7.5 in 1 ml, and the reaction was initiated with malate dehydrogenase. Fluorescence was measured in a Hitachi fluorescence spectrophotometer MPF-2A with an excitation wavelength of 340 nm and emission wavelength of 460 nm. Standard curves for quantitation were prepared using known amounts of substrate under the conditions used for the experimental samples.
Protein Determination. Protein was measured by a modification of the Lowry method. The sample (200 ,d) was made up to 0.4% deoxycholate, and then 200 ,ul 1 N NaOH and 1 ml of 2% Na2CO3, 0.005% CuSO4.5H20, 0.01% sodium citrate in 0.1 N NaOH was added. The solution was treated in a Vortex mixer and allowed to stand for 5 to 10 min. Two hundred ,ul of 1 N Folin-Ciocalteu reagent were rapidly added and mixed, and the color was allowed to develop for at least 30 min before reading at 575 nm. BSA was used as a standard. RESULTS Intactness of Mitochondria. Table I shows the oxidation rates for three substrates, malate, NADH, and succinate. The degree of intactness is reflected by the ADP/O and respiratory control ratios; the values for castor bean mitochondria compare favorably with previous reports for isolated mitochondria (7) . Table I also shows that oxidation rates were stimulated by ATP. For example, the relative rates of state 3 oxidation for malate, whether glutamate was present or not, were stimulated 20 to 35% by ATP. The magnitude of the ATP stimulation depends on the substrate, the oxidation state, and the per cent stimulation by ATP decreased through successive cycles of state 3 to state 4 transition. Malate oxidation always showed the greatest response to ATP treatment but succinate and NADH oxidation were also stimulated by ATP. ATP stimulation of succinate oxidation has been noted before and was attributed to allosteric regulation of succinate dehydrogenase (17) . A similar stimulation ofmalate oxidation by ATP was noted by Bowman and Ikuma (2) and they ascribed the response to an effect on malate dehydrogenase (E. J. Bowman, personal communication). ATP stimulation of NADH oxidation does not appear to have been described previously.
Accumulation of Dicarboxylates. Figure 1 shows the "C content of mitochondria incubated in ['4C]malate over a 10-min period.
In the presence of 1 mim ATP, the 14C content was 2-to 4-fold greater than in controls without ATP. Accumulation continued in Figure 1 , the matrix concentration of malate after 5 min in the presence of ATP was calculated to be 10 mm. This corresponds to an accumulation ratio (internal/external concentration) of 2.0.
Jung and Laties (10), using the filtration technique, obtained similar values for succinate and citrate uptake in potato mitochondria (10.5-16 nmol/mg protein in 5 min). Using a modification of their filtration technique, we found that castor bean mitochondria took up substrates at less than halfthe rate measured using the centrifugation technique but uptake was still stimulated by ATP. The reduced rate is probably due to breakage and back diffusion, a problem noted for the filtration technique by Jung and Laties (G. G. Laties, personal communication).
Succinate uptake is similarly stimulated by ATP (Fig. 2) . The initial rate of uptake of succinate is more rapid than for malate. (Fig. 2) . The malate appearing in the medium is not due to the release of enzymes from broken mitochondria since succinate is not converted to malate by the supernatant fraction remaining after centrifugation. Thus, during the time that the 14C content of the mitochondria rises to a steady state level, most of the ["Clsuccinate that penetrated the matrix space must have been oxidized to ["C]malate which passed out of the mitochondria to the medium.
Saturation of accumulation rate by substrate is strong evidence that dicarboxylate movement across the inner mitochondrial membrane is mediated by specific transporters. Accumulation ofdicarboxylates in the presence of ATP is saturated at 4 to 5 mm for succinate and malate (Fig. 3) . The Michaelis-Menten values calculated from Figure 3 are Km 2 and 2.5 mM and V.,l 14.5 and Figure 4 . The optimum appears between 0.5 and mm ATP, beyond which thestmlio by ATP is greatly reduced. The optimum ATP concentration is dependent on the amount of protein present and a ratio of umnol ATP/pLg protein seems to be optimal.
T'he ability of ATP to enhance dicarboxylate accumulation is shared by other nucleotides (Fig. 5) Figure 6 shows the results of experiments in which mitochondria isolated in phosphate-free medium were incubated with dicarboxylate until an equilibrium was reached. Then phosphate or ATP or a combination of the two was added and the effect on dicarboxylate uptake was examined. ATP in the absence of phosphate did not stimulate succinate uptake, while 10 mm phosphate alone stimulated uptake considerably. When ATP was added in combination with phosphate, the stimulation was still greater. The possibility that the ATP stimulation of dicarboxylate uptake is actually an ATP stimulation ofphosphate uptake, which can then exchange for external dicarboxylate, is ruled out by the result in Figure 7 . Phosphate uptake in the absence of an oxidizable substrate was very low and not affected by ATP. In the presence of NADH, a substrate oxidizable from the cytoplasmic face of the mitochondrial inner membrane, phosphate uptake was greatly stimulated. Again phosphate into the mitochondrial matrix. Phosphate accumulation was determined for mitochondria isolated in phosphate-free media with additions as shown. I mM ATP (0) and/or 5 mm NADH were added 1 mi before the addition of 10 mm phosphate. The reaction was terminated by centrifugation at the specified times. (10) . ANT.A, antimycin A. but had no effect on the uptake into the buffer-treated mitochondria. Figure 8 shows the substrate concentration dependence for succinate uptake into mitochondria preloaded with malonate and into buffer-treated controls. The uptake of succinate into the buffer-treated mitochondria shows a nonsaturating relationship with increasing concentration of succinate, consistent with a diffusion process. The uptake of succinate into malonate-preloaded mitochondria in excess of that in the buffer control shows a saturating relationship with increasing concentration of succinate characteristic of a translocase-mediated transport. From a Lineweaver-Burk plot of the malonate-succinate exchange, the calculated kinetic constants are Km 2.5 mM and V.. 250 nmol/min. mg protein.
DISCUSSION
Succinate and malate accumulation during oxidation by castor bean mitochondria display characteristics which are consistent with the functioning of a phosphate-dicarboxylate translocase often referred to in the literature (Fig. 9) . Electron transport chain activity results in an electrochemical gradient which drives the exchange of internal hydroxyl for external phosphate by an antiport translocase. The accumulated phosphate can then exchange for external dicarboxylates via another discrete translocase. The requirement of phosphate for optimal rates of dicarboxylate accumulation in castor bean mitochondria is indicative ofthe pivotal role of phosphate (Fig. 6) . The sensitivity of dicarboxylate accumulation to uncouplers (CCCP and DNP) and electron transport chain inhibitors (antimycin A and KCN) is interpreted as directly affecting phosphate uptake, and thus, lowering the amount of internal phosphate available for exchange with external dicarboxylate. MersalyL NEM, butylmalonate, benzylmalonate, and phenylsuccinate are commonly used as specific inhibitors of dicarboxylate-phosphate exchange mechanism. The accumulation of 14C from succinate and malate by castor bean mitochondria is similarly sensitive to these compounds. That the accumulation of dicarboxylates by castor bean mitochondria is carrier mediated is more conclusively shown by the saturability of uptake by substrate.
What seems not to be described before is that nucleotides such as ATP can elevate the steady state level of dicarboxylates in the mitochondrial matrix approximately 2-fold. The stimulation by ATP is not due to ATP hydrolysis, inasmuch as oligomycin does not affect the response and adenylyl imidodiphosphate can substitute for ATP. The sharp ATP concentration optimum and the fact that ATP does not affect phosphate uptake suggests the ATP stimulation is primarily an effect of ATP on the phosphate-dicarboxylate translocase.
It should be emphasized that, in accumulation studies of the kind described here, what is determined is the accumulation of '4C into the matrix from the labeled substrate added to the incubation medium. Of the substrates actually entering the mitochondria, some will be metabolized during the incubation period. In addition, some of the products of oxidation within the mitochondria may leave the mitochondria and enter the incubation medium. In previous studies on metabolite transport into plant mitochondria which have provided evidence for the existence of transporters (4-7, 10, 18, 20, 21) , no information was provided on the amounts of acid or products present in the mitochondria in relation to total uptake although it is clear from the experiments of Jung and Laties (10) that the maximum amount of citrate accumulation (actually the amount of 14C from substrate present in the mitochondria after 5 min) was less than 20 nmol/mg protein, whereas the oxidation rate in the presence of arsenite over the same period was 600 ng atoms O2/mg protein, showing that much more citrate had entered the mitochondria than that accounted for by the 'uptake.'
In the present work, a comparison of the amount of '4C recovered in the mitochondria with the oxidation rate and exogenous appearance of malate when 1'4Clsuccinate was supplied revealed (a) that the amount of labeled products in the mitochondria was only a small fraction (approximately 10%o) of the succinate that had actually been absorbed and (b) that the oxidation of succinate was largely limited to the production of malate, most of which left the mitochondria (Table I and Fig. 2 25°C) and are sufficient to account for the observed rates of substrate oxidation.
The depiction of these two transport events in Figure 9 does not necessarily imply that they occur on separate translocases. It is conceivable the relative binding affinities for phosphate and dicarboxylate by a single carrier on the matrix side ofthe membrane are sufficient to account for the slow phosphate-dicarboxylate and fast dicarboxylate-dicarboxylate exchanges reported here.
From the experiments with intact tissue that showed the mechanism of the conversion of fat to sucrose in the endosperm of castor bean, it was concluded that acetyl-CoA escapes oxidation in the tricarboxylic acid cycle (3), and later, that only that arc of the cycle from succinate to malate or oxalacetate was operative in vivo, with oxalacetate being converted to sucrose in the cytosol (1) . The present results with purified mitochondria supplied with succinate show that oxidation proceeded only to malate which accumulated in the bathing medium, and thus can be considered to support these conclusions. However, we emphasize that, when mitochondria from plants generally are supplied with a single substrate, the oxidation is frequently limited to a few steps and, as recently shown by Journet et al. (9) , the resulting intermediates do not remain confined to the mitochondria. Extensive loss of intermediates and subsequent reentry into the mitochondria was observed.
